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Current efficiencyAbstract In this work, electrochemical-simultaneous removal of copper and zinc from simulated
binary-metallic industrial wastewater containing different ratios of copper to zinc was studied using
a packed-bed continuous-recirculation flow electrolytic reactor. The total nominal initial concentra-
tion of both metals, circulating rate of flow and nominal initial pH were held constant. Parameters
affecting the removal percent and current efficiency of removal, such as applied current and time of
electrolysis were investigated. Results revealed that increased current intensity accelerated the
removal of metals and diminish current efficiency. It was also observed that selective removal of
both metals is possible when the applied current was of small intensity. Moreover, the factors that
led to loss of faradaic efficiency were discussed.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
The toxicity of heavy metals has been known for many years.
Most heavy metals belong to persistent toxic substance [1].
They are long-lasting substances that can build up in the foodchain to levels that are harmful to human and ecosystem
health [2]. This fact has provoked an international response
to the problem. Therefore, the protection of the environment
has become a major issue and crucial factor for the future
development of industrial processes, which will have to meet
the requirements of sustainable development [3].
Industrial effluents from electroplating industries contain
high amounts of heavy metal ions, such as Cd, Cr, Cu, Ni
and Zn. Of metals used in electroplating, only 30–40% isy-metal-
Figure 1 Schematic representation of the experimental setup. (1)
Column; (2) power supply; (3) counter electrode; (4) current
feeder; (5) carbon bed; (6) reservoir; (7) sampling valve; (8) flow
regulating valve; (9) centrifugal pump; (10) flow regulating valve.
2 M.F. Alebrahim et al.effectively utilized; the rest contaminates the rinse waters.
Rinse waters may contain up to 1000 mg/L of the polluting
heavy metals [4].
Both copper and zinc, at reasonable doses, are essential for
human health, animal metabolism and the activity of many
microorganisms. The excessive ingestion of copper, however,
brings about serious toxicological concerns, such as vomiting,
cramps, convulsions, or even death [5]. Also, excessive zinc
could cause eminent health problems, such as stomach cramps,
skin irritations, vomiting, nausea and anemia [6].
Electrochemistry offers promising approaches for the
prevention of pollution problems in the process industry.
The inherent advantage is its environmental compatibility,
due to the fact that the main reagent, the electron, is a ‘clean
reagent [3].
Researchers with various cell designs have attempted the
electrochemical removal of copper from real or simulated solu-
tions with varying degrees of achievements and improvements
[7–14]. Few researches, however, were carried out on the elec-
trolytic removal of zinc from solutions containing the element.
Abbas et al. [15] used an electrolytic cell with a porous cathode
of amalgamated copper screen to remove zinc from synthetic
aqueous streams. They reported that an exponential decay of
zinc concentration with respect to time was observed and the
removal was about 90% after 300 minutes when the initial
concentration was 150 mg/L and flow rate 3.2 L/h. Bertazzoli
et al. [16] used a three dimensional, reticulated vitreous carbon
cathode, under mass transport controlling condition, for the
removal of Cu, Pb and Zn from simulated solutions that con-
tained a single metal of the three at a time; i.e. they did not
study the metal removal when the three cations co-exist in
one solution. For the separation of heavy metals from solu-
tions containing two or more metal cations, fewer researches
were carried out. The process becomes more complicated as
there is a possibility of simultaneous discharge of several
cations. Doulakas et al. [17] studied the selective electrodepo-
sition of Cu, Pb, Cd and Zn from a solution containing there
ions. They reported that the four metals could be selectively
separated under potentiostatic conditions; copper ions were
reduced first whereas zinc ions were reduced last accompanied
with hydrogen evolution. Manuela et al. [18] proposed a
hybrid process which combines electrodeposition, for Cu
recovery, followed by a sequential alkaline precipitation for
recovery of nickel and zinc from contaminated biomass used
in the bioremediation of electroplating effluents. Basha et al.
[19] attempted the removal of Cd, Cu, Ni, Pb, Zn and Fe by
electrochemical reduction with the help of electrolytic
3-dimensional cell using graphite particle packed cathode
and noble oxide coated Ti anode. Their presented data indicate
that the removal of all metals reached 60–80% after 60 min-
utes by using current density of 2 and 3 A dm2 and flow rate
of 61 mL min1. This may imply that Zn, less noble than Cu,
was reduced at the same time with Cu which is more noble.
Walsh [20] studied the selective removal of Cu(II), Cd(II),
and Zn(II) from a mixed metal solution using reticulated vitre-
ous carbon, flow-by, cathode operated in a batch recycle
mode. He reported that by controlling the applied potential
Cu could be firstly removed followed by Cd and Zn was
removed last.
In this work, experiments were carried out to remove Cu
and Zn present in a simulated binary-metallic waste solution
using electrochemical batch recirculation cell underPlease cite this article in press as: M.F. Alebrahim et al., Practical study on the electro
lic industrial wastewater using a packed-bed cathode, Egypt. J. Petrol. (2015), httpgalvanostatic mode of operation. The effects of Cu to Zn
weight ratio and intensity of the applied current on the
removal percent of both metals, generation of hydrogen, as a
byproduct, and current efficiency of removal were investigated.
2. Experimental
Fig. 1 is a schematic representation of the experimental setup.
The cylindrical column was made from acrylic, to enable better
visualization of the process. The inside diameter and the height
were 10 cm and 70 cm, respectively. A height of 70 cm was
enough to give a sufficient disengagement height to allow
any entrained carbon particles to separate from the treated
solution leaving the column in order to keep the mass of the
bed unchanged. The column is separated by a flow distributor
into upper and lower parts. The distributor, perforated acrylic
plate, had holes of 1 mm diameter arranged in equilateral tri-
angular configuration of 5 mm pitch. The upper surface of
the distributor was covered with a porous polyethylene mem-
brane to enhance better flow distribution.
The counter electrode was 5 cm diameter disc installed in
the lower part of the column while the working electrode
(carbon bed) was in the upper part. The current feeder to the
packed bed was cup-shaped opened from lower side and the
upper side was a perforated disc that had holes of 1 cm diam-
eter arranged in equilateral triangular configuration of 1.5 cm
pitch; this was to facilitate the upward flow of the treated solu-
tion and to permit the escape of generated gases on the bed
surface. The cup was supplied with 6 additional legs, of 5 cm
length and 1 cm width, to give good contact with the particu-
late bed. Both current feeder and counter electrode were made
of 316 Stainless Steel. The vertical distance between the two
electrodes was 5 cm.
The packed bed material was prepared by crushing carbon
pieces of very high purity, (XRD analysis revealed the presence
of the single peak of carbon), and collecting the sieved frac-
tions of 1–4 mm diameter particles; the average particle sizechemical simultaneous removal of copper and zinc from simulated binary-metal-
://dx.doi.org/10.1016/j.ejpe.2015.03.017
Removal of copper and zinc from simulated binary-metallic industrial wastewater 3was 2.5 mm. The particles were washed with dilute nitric acid
and distilled water and packed to an initial dry height of 6 cm.
Experiments were performed on binary mixture solutions
that contained different mass ratios of copper and zinc ions,
but a total nominal initial concentration of 500 ppm (mg/L)
was always kept. The binary mixture solution was prepared
by dissolving the required amounts of copper and zinc sulfates
in 6 L of distilled water. Sodium chloride, as supporting elec-
trolyte, was added to this solution. The concentration of NaCl
was fixed at 0.5 M. The initial pH of the electrolyte was kept
almost constant at a nominal value of 2.65 (adjusted by using
either dilute HCl or NaOH pellets) and the rate of flow of the
treated solution was fixed at 0.065 L/s as these values gave high
removal and good current efficiency results when the removal
of copper from mono-metallic solution was investigated using
the same system [21]. In all experiments, analar-grade chemi-
cals were used as received.
Experiments were carried out galvanostatically at room
temperature. Electrolysis continued for 90 or 105 minutes.
Samples were withdrawn & 15 minutes; their temperature
and pH were immediately measured by a pH meter (type HI
8417 made by HANNA Instruments, with a resolution of
0.01). The samples were then filtered through Whatman mem-
brane filter of pore size 0.45 lm and the concentrations of the
remaining Cu and Zn were measured by an atomic absorption
spectrophotometer (Perkin Elmer 2280).
3. Results and discussion
3.1. Removal of copper and zinc
3.1.1. Effect of Cu to Zn ratio
Removal percentages of copper and zinc at any time were cal-
culated using Eq. (1). The results are presented in Fig. 2 at dif-
ferent Cu to Zn mass ratios. The applied current intensity,
initial pH and flow rate were kept constant at 3 A (i.e. corre-
sponding to a superficial current density of 3.82 A/dm2), 2.65
and 0.065 L/s, respectively.
Removal% ¼ Co  Ct
Co
 100 ð1Þ
Where
Co: The initial concentration; g/L, and
Ct: The concentration at time t (min.); g/L.
Fig. 2(a) illustrates that over the first 60 minutes, copper
was selectively separated. After 75 minutes the removal of
Cu was about 85.4% while that of Zn was almost 8%. After
105 minutes the removal of Cu and Zn were 98% and
29.4%, respectively. Similar observation was reported by
Walsh [20]; though he performed experiments using smaller
initial concentrations of the two metals and lower applied
potential than the values reported here. According to Fig. 2
(b) and (c), copper was selectively separated during the first
30 minutes. It must be stated that during a sampling time inter-
val of 15 minutes, the moment at which the removal of zinc
exactly started was impossible to be determined. For instance,
the removal of zinc might be started at a moment which was a
few minutes later than 30; for the ratio of 60% Cu. For sam-
pling, shorter time intervals will give more accurate results; thisPlease cite this article in press as: M.F. Alebrahim et al., Practical study on the electro
lic industrial wastewater using a packed-bed cathode, Egypt. J. Petrol. (2015), httpwill lead, however, to increased concentration measurement
costs. Fig. 2(d) illustrates that the removal of Zn started at a
time which is less than 30 minutes.
In order to reveal the effect of the presence of Cu on Zn
removal, an experiment was carried out on a monometallic
Zn solution under the same experimental conditions of
Fig. 2; the results are shown in Fig. 3. Zinc removal began
from the first moment of applying electric current. The
removal reached 17.2% and 54.8% after 30 and 105 minutes
of electrolysis, respectively.
Fig. 4, constructed from the results presented in Figs. 2 and
3, indicates clearly that mass of Zn removed increased and the
moment at which removal started decreased with an increase in
the ratio of Zn to Cu.
The presented results reveal that the increase in Zn ratio did
not affect the removal of copper negatively; but the presence of
Cu with Zn did. This observation might be explained if the
standard reduction potential, E, of both metal ions is consid-
ered; although the actual values are dependent on the actual
concentrations of the two metals. For Cu and Zn the reduction
reactions are
Cu ðsÞ ! Cu2þ ðaqÞ þ 2e; E ¼ þ0:34 Vðvs:SHEÞ ð2Þ
Zn ðsÞ ! Zn2þ ðaqÞ þ 2e; E ¼ 0:762 Vðvs:SHEÞ ð3Þ
EoCu is larger than E
o
Zn. It is well known, from fundamentals,
that the larger the value of the standard reduction potentials,
the easier it is for the element to be reduced. Moreover, if
Zn+2 were reduced, the following reaction could take place
especially when the concentration of Cu2+, [Cu2+], is larger
than [Zn2+];
Zn ðsÞ þ Cu2þ ðaqÞ ! Zn2þ ðaqÞ þ Cu ðsÞ; E ¼ 1:102 V
ð4Þ
The standard potential, E, of this reaction is positive, and
the standard free energy DGð¼ zFDEÞ is, therefore, nega-
tive; where z is the number of moles electrons involved in the
reaction and F is the Faraday’s constant). The negative value
of DG indicates that this process is thermodynamically possi-
ble. The reaction (4), however, is reversed when [Zn2+]>>>
[Cu2+] as can be predicted from the well-known Nernst
equation.
3.1.2. Effect of applied current intensity
The influence of the applied current intensity on Cu and Zn
removal for various electrolysis times, keeping a constant flow
rate of 0.065 L/s and constant pHo (=2.65), is shown in Fig. 5
for two Cu to Zn mass ratios and two current intensities. The
removal of Cu increased with an increase in the intensity of
applied current; this behavior was previously reported
[13,14,21]. For Zn, Fig. 6 indicates the enhancement of the
metal removal with an increase in applied current intensity.
Moreover, Fig. 5 shows that the removal of zinc could reach
to values exceeding 93% when almost all copper had been
removed.
It is worth mentioning that the moment at which the sepa-
ration of zinc started was directly affected by the ratio of cop-
per to zinc as well as the intensity of the applied electric
current. Therefore, it can be said that, the choice of the inten-
sity of the electric current to be applied depends on the target
of the removal process. If the primary goal is just to removechemical simultaneous removal of copper and zinc from simulated binary-metal-
://dx.doi.org/10.1016/j.ejpe.2015.03.017
Figure 2 Percent removals of Cu and Zn vs. time of electrolysis. Applied current: 3 A; flow rate: 0.065 L/s; pHo: 2.65.
Figure 4 Effect of increasing Zn ratio on mass of Zn removed
under the same experimental conditions of Figs. 2 and 3.
Figure 3 Percent removals of Zn vs. time of electrolysis. Applied
current: 3 A; flow rate: 0.065 L/s; pHo: 2.65.
4 M.F. Alebrahim et al.heavy metals, the intensity of electric current which enables the
removal of all metals at an appropriate time should be used.
But if the primary goal is to selectively remove and recover
heavy metals, it is necessary to use the appropriate intensity
of the electric current to remove the copper first then the sep-
aration of zinc is done at a later stage.
3.2. Current efficiency
3.2.1. Theoretical
Computation of current efficiency or faradaic efficiency indi-
cates the effectiveness, from energy utilization point of view,
of removing, electrochemically, polluting species from wastew-
aters. Removal of heavy metals may be attained, but the wors-
ening in the current efficiency makes the process economicallyPlease cite this article in press as: M.F. Alebrahim et al., Practical study on the electro
lic industrial wastewater using a packed-bed cathode, Egypt. J. Petrol. (2015), httpunviable. To calculate the cathodic current efficiency, all the
cathodic reactions must be considered. For the reduction of
more than one metal, the following equation can be written
for the metal Mi:
MZiþi ðaqÞ þ Zi !Mi ðsÞ ð5Þ
Where
i takes values from 1 to N.
Zi: is the number of moles of electrons participating in the
reaction.chemical simultaneous removal of copper and zinc from simulated binary-metal-
://dx.doi.org/10.1016/j.ejpe.2015.03.017
Figure 5 Effect of applied current intensity on removal of copper and zinc.
Figure 6 Effect of applied current intensity on removal of zinc.
Removal of copper and zinc from simulated binary-metallic industrial wastewater 5For the evolution of a gas at the cathode surface, e. g.
hydrogen, the equation is
Hþ ðaqÞ þ e ! 1
2
H2 " ðgÞ ð6Þ
If ni moles of positive ions were reduced, the theoretical
quantity of needed electricity is
Qth ¼ F 
XN
i¼1
nizi ð7Þ
where F is Faraday’s constant; 96,485 coulomb/mole.Please cite this article in press as: M.F. Alebrahim et al., Practical study on the electro
lic industrial wastewater using a packed-bed cathode, Egypt. J. Petrol. (2015), httpThe actual amount of electricity consumed to affect reduc-
tion reactions; e. g. (2) and (3) is
Qact ¼ I  t ð8Þ
where
I: the applied electric current; A, and
t: time of electrolysis; s.
The percent current efficiency, (C. E.%), is then given as
C:E:% ¼ Qth
Qact
 100 ð9Þchemical simultaneous removal of copper and zinc from simulated binary-metal-
://dx.doi.org/10.1016/j.ejpe.2015.03.017
Figure 7 Effect of Cu: Zn ratio on C. E.% for removing metals and hydrogen evolution.
Figure 8 Effect of Zn% on hydrogen evolution.
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Please cite this article in press as: M.F. Alebrahim et al., Practical study on the electro
lic industrial wastewater using a packed-bed cathode, Egypt. J. Petrol. (2015), httpIn the case of removing a heavy metal, using a batch-
recirculated electrochemical reactor, from a solution of V (L)
having initial concentration Co,
ni ¼ VðCo  CtÞi=Mi ð10Þ
where M is the molar mass of species i; g/mole.
The reduction of H+ ions increases the pH of the treated
solution. Hence, the number of moles of the hydrogen ions
reduced can be calculated from the following equation.
nH ¼ V 10pHo  10pHt
  ð11Þ
Then, the C. E.% can be calculated via Eqs. (7–9). In this
manuscript, however, the current efficiencies of metal removal
and of hydrogen evolution were separately calculated; in order
to disclose the effect of the cathodic reduction of H+ ions, as achemical simultaneous removal of copper and zinc from simulated binary-metal-
://dx.doi.org/10.1016/j.ejpe.2015.03.017
Removal of copper and zinc from simulated binary-metallic industrial wastewater 7side reaction, on current efficiency of metal removal which is
the required target. The current efficiencies of metal removal
and hydrogen evolution are defined in Eqs. (12) and (13).
C:E:% of metals ¼
F  V  z  ðCoCtÞ
M
h i
Cu
þ ðCoCtÞ
M
h i
Zn
n o
I  t  100
ð12Þ
C:E:% of hydrogen ¼ z  F  V  10
pHo  10pHt 
I  t  100
ð13Þ
Where zCu = zZn = z= 2; and zH = 1.
3.2.2. Effect of Cu to Zn ratio
Fig. 7 shows the change of C. E.% of removing Cu and Zn
with time of electrolysis for various mass ratios of Zn to Cu.
On the same figure the mass and C. E.% of evolved hydrogen,
as the main byproduct of electrolysis, were plotted.
From Fig. 7(a), after 15 minutes of electrolysis, it can be
seen that the C. E.% for removing metals, i.e. Cu, and hydro-
gen evolution were about 91 and 7.2, respectively. The summa-
tion of the two current efficiencies gives 98.2% which indicatesFigure 10 Results of Energy Dispersive X-Ray Analysis (EDX) of th
Fig. 3).
Figure 9 Effect of Zn % on C. E. of m
Please cite this article in press as: M.F. Alebrahim et al., Practical study on the electro
lic industrial wastewater using a packed-bed cathode, Egypt. J. Petrol. (2015), httpthat the reduction of hydrogen ions at the cathode was the
main factor that decreased the utilization of electric current.
After 105 minutes current efficiencies were 40.3% and 6.8%
for removing metals and evolved hydrogen, respectively;
whereas the corresponding removal percentages reached 98
and 29.4 for Cu and Zn, respectively. The figure, also, shows
that the rate of the total mass of evolved hydrogen was increas-
ing with time and diminished after 75 minutes.
As shown in Fig. 7(b), the rise in zinc content, from 20% to
40%, led to, after 15 minutes of electrolysis, increased mass of
hydrogen generated as well as increased C. E.% for this gener-
ation and decreased C. E.% of removing the metals from 91%
Fig. 7(a), to 82%. At the end of electrolysis, the C. E.% of
removing the metals was 37.9 and that of hydrogen evolution
was 6.8. This figure, as well, reveals that the rate of the total
mass of evolved hydrogen was increasing with time and then
diminished after 60 minutes.
Similar behaviors can be deduced from Fig. 7(c)–(e). Fig. 8,
therefore, was constructed in order to facilitate comparison
between the obtained results. The figure reveals that the rate
of generation of hydrogen increased with an increase in Zn
percentage, but the time at which this rate started to diminish
was decreased.e precipitate (60% Zn and experimental conditions: the same as in
etal removal and hydrogen evolution.
chemical simultaneous removal of copper and zinc from simulated binary-metal-
://dx.doi.org/10.1016/j.ejpe.2015.03.017
Table 1 Results of EDX.
Element Weight% Atomic%
C 10.92 23.95
O 28.93 47.64
S 1.21 1.00
Cl 4.96 3.68
Cr 7.09 3.60
Fe 12.85 6.06
Ni 1.09 0.49
Cu 25.61 10.62
Zn 7.34 2.96
8 M.F. Alebrahim et al.Fig. 9(a) illustrates that the C. E.% of metal removal
decreased with time of electrolysis and with increased Zn ratio.
Fig. 9(b), meanwhile, shows that the C. E.% of hydrogen gen-
eration increased with an increase in Zn ratio and decreased
with the progress of electrolysis. These observations reveal that
the generated hydrogen during the initial periods of electrolysis
is the main reason for the decreasing current efficiency, but
there are other reasons that caused the decrease in efficiency
in the later stages of electrolysis. One of the reasons causing
loss of current efficiency is the passage of the applied electric
current through the cell resistance; i.e. IR drop. This loss
was appeared when the temperature of the treated solution
increased with the progress of electrolysis. In all experiments
performed at 3 A, however, the temperature rise did not exceed
5 C from the start to the end of a run; therefore the IR drop is
not a major factor. During the performance of a run, it wasFigure 11 Effect of applied current intensity on C. E.% of metal rem
and 60% Cu.
Please cite this article in press as: M.F. Alebrahim et al., Practical study on the electro
lic industrial wastewater using a packed-bed cathode, Egypt. J. Petrol. (2015), httpobserved that the color of the treated solution changed from
light blue, characteristic to copper sulfate, to light violet after
about 45 minutes of electrolysis and a precipitate started to
appear. This precipitate was separated, dried and analyzed
by Energy Dispersive X-Ray (EDX). The result of the analysis,
Fig. 10 and Table 1, indicated the presence of C, O, S, Cl, Cr,
Fe, Ni, Cu and Zn in the precipitate. This means that the ano-
dic dissolution of 316 St. Steel is another factor causing loss of
current efficiency. Therefore, in order to improve current effi-
ciency, the usage of inactive electrode is essential otherwise the
intensity of the applied electric current must be decreased, at
the later periods of electrolysis, to limit anodic dissolution.
3.2.3. Effect of applied current
The effect of intensity of applied current on current efficiency
of copper removal using packed bed cathode made of carbon
particles has been investigated by many researchers [e. g. 13,
14 and 21]; where it was reported that C. E.% decreases with
an increase in applied electric current at all times of electroly-
sis. However, for monometallic solutions containing Zn or
bimetallic solutions containing Zn and Cu similar investiga-
tions were rare.
Fig. 11 depicts the effect of applied electric current on C. E.
% of metal removal, C. E.% of hydrogen generation. The
kinetics of the mass of hydrogen generated is shown as well.
The C. E.% of metal removal decreased with increased inten-
sity of the applied electric current and with the progress of
electrolysis process; Fig. 11(a). For the C. E.% of hydrogen
evolution, Fig. 11(b) illustrates that it decreased with time.oval and hydrogen evolution of the solution containing 40% Zn
chemical simultaneous removal of copper and zinc from simulated binary-metal-
://dx.doi.org/10.1016/j.ejpe.2015.03.017
Figure 12 Effect of intensity of applied current on temperature
rise of the solution containing 40% Zn and 60% Cu. (Time of
electrolysis = 75 minutes.)
Removal of copper and zinc from simulated binary-metallic industrial wastewater 9After 15 minutes of electrolysis the current efficiencies when
the applied current intensities were 5 and 7 A were larger than
that when the applied current was 3 A, due to increased mass
of evolved hydrogen according to Fig. 11(c). As was previously
stated, in Section 3.2.1, the reduction of hydrogen ions at the
cathode was the main factor that caused the loss of C. E. dur-
ing the initial periods of electrolysis and the effects of IR drop
and anodic dissolution appeared thereafter. It is also observed
from the figure that the moment at which the rate of hydrogen
generation was leveled off decreased with an increase in electric
current intensity; this means that the IR drop and anodic dis-
solution are the major reasons of lowering current efficiency. It
can be seen from Fig. 11(a) and (b) after 15 minutes of electrol-
ysis, at an applied current intensities of 5 and 7 A that the cur-
rent efficiencies of Cu and Zn removal were 58.3% and
47.08%, respectively; meanwhile, the corresponding current
efficiencies of hydrogen evolution were 19.45% and 19%.
The summation of both current efficiencies – of metals and
hydrogen – is less than 80% which means that the effects of
IR drop and anodic dissolution on decreasing C. E. appeared
at the initial periods of electrolysis. Fig. 12, on the other hand,
indicates that the effect of IR drop at 3 and 5 A is less than
that at 7 A, since the temperature rise was smaller; i.e. the
decrease in C. E.% related to IR drop is considerable when
high current intensity is applied.
4. Conclusions
- The presented results reveal that the increase of Zn ratio
did not affect the removal of copper negatively; but the
presence of Cu with Zn did.
- Increasing applied current intensity enhanced the removal
of Cu and Zn while the current efficiency was decreased.
- The choice of the intensity of the electric current to be
applied depends on the target of the removal process. If
the primary goal is just to remove heavy metals, the inten-
sity of electric current which enables the removal of all met-
als at an appropriate time should be used. But if the
primary goal is to remove and recover heavy metals, it is
necessary to use the appropriate intensity of electric current
to remove the copper first then the separation of zinc is
done at a later stage.Please cite this article in press as: M.F. Alebrahim et al., Practical study on the electro
lic industrial wastewater using a packed-bed cathode, Egypt. J. Petrol. (2015), http- The rate of generation of hydrogen, as a reaction by pro-
duct, increased with an increase in Zn percentage, but the
time at which this rate started to diminish was decreased.
- The reduction of hydrogen ions at the cathode, at 3 A, was
the main factor that caused the loss of C. E. during the ini-
tial periods of electrolysis and the effects of IR drop and
anodic dissolution appeared thereafter.
- At current intensities of 5 and 7 A the effects of IR drop
and anodic dissolution on decreasing C. E. appeared at
all periods of electrolysis.
- To improve the efficient use of electricity the following
must be taken into account:
(1) Inert anodes must be used.
(2) Initial pH must not be very low to limit excessive
evolution of hydrogen; and not too high to result
in chemical precipitation of hydroxides of the heavy
metals present.
(3) The intensity of electric current to be applied must
be reasonable to affect high removal of metals
during the early stages of electrolysis and decreased
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